Levitation and free-flight techniques applied to investigate the drying kinetics and morphology of single drops containing dissolved solids and suspensions are reviewed. A review of works related to receding interface model proposed to quantify the drying kinetics of single drops along with techniques to measure the kinetic parameters such as moisture diffusivity, thermal conductivity and specific heat capacity is presented. Problems associated with spray drying of sugar-rich compounds are briefly discussed and possible links of stickiness and flavor retention with glass transition temperature (T g ), temperature history, drying rate and morphological changes including skin formation, as monitored through single drop experiments, are explored.
INTRODUCTION
Spray drying is a widely used dehydration technique for the transformation of feed from fluid state into a dried particulate form by spraying it into a hot drying medium. It is increasingly being used in various industries such as: chemical, pharmaceutical, food and biochemical etc. (Masters, 1985) . Spray drying is ideally suited to those materials which are heat sensitive because the drying process is so rapid that the material is not subjected to high temperatures to accomplish desirable products of uniformity and good flowability (Crowe, 1980; Masters, 1985; Bonazzi et al., 1996) . Spray drying offers a 324 ADHKARIETAL. favorable environment for aroma retention because of its inherent selective impedance to the aroma components (Rulken and Thijssen, 1969; Kerkhof and Thijssen, 1977; King et al., 1984) . Principally a dehydration technique, spray drying is further employed as an encapsulation technique for food and pharmaceutical ingredients because of its relatively simple, continuous operating conditions and easily accessible machinery (Dziezak, 1988; Reineccius, 1988; Re, 1998) .
One of the prerequisites for the optimum design of spray drying processes and machinery is the knowledge of fundamental aspects of transport (heat, mass and momentum) mechanisms. But the complex situation resulting from the atomization and drying of billions of drops moving in an air stream complicate the investigation of these mechanisms. Furthermore, investigation and modeling of transport processes within a spray dryer involves closely monitoring the moisture evaporation from, and temperature change of drying drops smaller than 500 \im Masters, 1985; Sano and Keey, 1982; Crowe, 1980) which is not easy. Hence, contribution towards the understanding of these mechanisms and subsequent improvement in design criteria is achieved through the study of single drops levitated or in free flight in hot air that most closely mimics the conditions in real spray dryer (Hassan and Mumford, 1993a) .
A common problem in spray drying of sugar-rich products such as fruit juices, honey and high DE (provides quantitative measure of starch polymer hydrolysis, a measure of reducing power compared to a dextrose standard of 100) starch derivatives is stickiness (Bhandari et al., 1997a; White and Cakebread, 1966; Downton, et al., 1982) . During drying they tend to stick to the dryer wall or collide with each other to form undesired agglomerates (Bhandari et al., 1997b; Papadakis and Bahu, 1992) . The resultant wall deposits can lead to low product yield, operational problems, powderhandling difficulties and fire hazards (Papadakis and Bahu, 1992) . Dealing with the problem of stickiness has largely been a matter of trial and error. Common methods to overcome the stickiness during drying are: Drying at low temperature and low humidity or Birs process (Hayashi, 1989) , introduction of cold air at the bottom of the chamber (Lazar et al, 1956; Bhandari et al., 1997a) , control of wall temperature (Bhandari et al., 1993) , frequent scrapping of inner surface of dryer (Karatas and Esin., 1990 ) and addition of drying aids like maltodextrin (Bhandari et al., 1993; Gupta, 1978) .
Recently the transition temperature (T g ) of spray dried products from a rubbery state to an amorphous glass (or reversibly) has been used as a major parameter to explain and control stickiness (Roos and Karel, 1991a,b; Bhandari and Howes, 1999) . The sticky point temperature i.e. the temperature at which a product shows sticky behavior under spray drying conditions is 10-20°C above the glass transition temperature and it is presumed that the problem of stickiness could be avoided by undertaking the drying operation (particle temperature) below T g + 20 °C (Roos and Karel, 1993; Bhandari et al., 1997a) .
In this context, this paper presents a comprehensive review of experimental techniques applied to investigate single drop drying in section 2. A review of works related to the receding interface model proposed to quantify the drying kinetics of single drops is presented in section 3. Finally, possible links of stickiness and flavor retention with glass transition temperature, temperature history, drying rate and morphological changes like skin formation with special relevance to spray drying of sugar-rich foods are discussed in section 4. Audu and Jeffreys (1975) , "Flick et al. (1988) , 'Alexander and King (1985) , Kuts et al. (1996) , " Attakora and Mumford (1993) , "Meerdink and Van't Riet (1995) 
EXPERIMENTAL TECHNIQUES
There are two types of experimental techniques for the study of single drops, levitation and free flight. The levitation method can be further categorized into two subclasses, non-intrusive and intrusive. Intrusive levitation (Charlesworth and Marshall, 1960; Cheong et al, 1986; Audu and Jeffreys, 1975; Hassan and Mumford, 1993a) involves the suspension of a drop either at the tip of a glass filament or thermocouple while the non-intrusive levitation employs various physical forces to freely levitate it (Brandt, 1989) . The free flight technique of studying a single drop or a stream of discrete drops in free flight has also been employed (Alexander and King, 1985; Flick et al., 1988; Meerdink and Van't Riet, 1995) . A summary of the techniques used in single drop drying is presented in Table 1 .
Non Intrusive Levitation
For levitation of a specimen in space, an upward force must be constantly applied to counteract the specimen's weight in the earth's gravitational field. Drag due to air and any lateral forces acting on the specimen must be counterbalanced to keep it in the field of view of diagnostic instruments (Rulison et al., 1997) . Different levitation techniques of solid particles, liquid drops and drops containing solids have been a subject of studies in various scientific disciplines both in earth gravity and reduced gravity environments (Brandt, 1989; Szekely et al., 1995; Trinh, 1985) . Though there are various techniques that can be used to levitate particles or drops against gravity, some of them have been more often used (Racz and Egry, 1995; Rulison et al., 1997; Gandhi et al., 1996) which are given below:
i.
Acoustic levitation. ii. Electromagnetic levitation. iii. Electrostatic levitation. iv.
Aerodynamic levitation.
Levitation techniques are useful tools for determination of various thermo-physical properties that are either difficult to obtain or least likely to obtain without the contamination of the containers (Brandt, 1989; Trinh, 1985; Rhim et al., 1987; Szekely et al., 1995; Yarin et al., 1997) . Since electromagnetic and electrostatic levitation techniques have not found to be relevant to the spray drying of food materials and to our knowledge have never been tried, we will restrict ourselves to a brief description of acoustic and aerodynamic techniques.
Acoustic Levitation
Acoustic levitators operate in a regime close to resonance when a standing sound wave of high but finite amplitude is established (Yarin et al., 1998) . The levitator consists of a standing wave sound generating system (piezo transducer, vibration plate, and reflector), levitation chamber (between the vibrating plate and reflector), heating system and peripheral electronics to monitor the size and shape of levitated drop/particle. The frequency of the ultrasonic wave used varies from 20 to 58 kHz and the diameter of the suspended drop ranges from 100 um to 1 cm (Brandt, 1989; Trinh, 1985; Yarin et al., 1997; Bauerecker and Neidhart, 1998; Tien et al., 1997; Toei et al., 1978) . Excellent positional and time stability of up to 2 hours for various materials including chalk, plastics, glass, aluminum, and steel balls has been reported (Cao et al., 1992) . It has been found that a drop held in a single-axis ultrasonic levitator sustains a certain external blowing along the levitation axis, providing an opportunity to investigate heat and mass transfer from the levitated drop which mimics the situation in spray systems (Yarin et al., 1997) . Toei et al. (1978) applied a one-axis acoustic levitation technique to study the drying phenomenon of a non-supported drop. They had built an ultrasonic levitator which operated at 24 kHz and levitated drops of ammonium chloride and skimmed milk up to 2 mm in diameter. Heat was supplied as radiation energy by a CO2 laser beam. The change in drop size and temperature was monitored by means of a CCD (charge coupled device) camera and an infrared radiant meter, respectively. From the experimental results, they determined the drying characteristic curve, and mass and heat transfer coefficients of those test materials. A schematic diagram of their levitator assembly is shown in Figure 1 . However, drops levitated by an ultrasonic field suffer from gross shape distortions due to air drag or acoustic forces (Rhim et al., 1987) and it is expected that (Toei et al., 1978; Bauerecker and Neidhart, 1998; Yarin et al., 1998) in a strong acoustic field acoustic streaming might substantially alter heat and mass transfer rates compared to normal air convection (Yarin et al., 1997) . Toei et al. (1978) found that the convective heat and mass transfer coefficients in ultrasonic levitator were almost 3 times as large as their corresponding normal air-drying values. This may have resulted from the oscillatory and rotary motion of the levitated drop about its own axis (Cao et al., 1992) . Furthermore, apart from the force originating from the sound pressure level, viscous drag of acoustic streaming (Trinh and Robey, 1994) also acts on an acoustically levitated drop. Heating of an acoustically levitated drop takes place by radiation from laser beams, which is quite different from the spray-drying realm where heat transfer is primarily by convection, and radiation is almost negligible. Because of the above reasons this technique doesn't seem to realistically represent the drying behavior of a drop in a spray-drying chamber where heat transfer is predominantly by convection and shape distortions of any kind are almost non existent.
Aerodynamic Levitation
In aerodynamic levitation a drop is lifted by an upward fluid jet. Stability in the vertical direction results from the divergence of the jet, which leads to a decreasing drag with increasing height (Brandt, 1989) . The specimen remains levitated in the stream at a desired position where the stream velocity relative to the specimen is controlled such a way that the drag and buoyant forces counterbalance the gravitational pull (Gandhi et al., 1996) . For the positional stability of the levitated specimen, it is necessary that the restoring forces surrounding the specimen create a potential energy well, the deeper the well the better the stability (Babin et al., 1995) . Various designs of the issuing jet to achieve better levitation have been recommended (Miura et al., 1977; Babin et al., 1995; Gandhi etal., 1996) . Miura et al. (1977) had applied this technique to determine the convective heat and mass transfer coefficients of water drops. Distilled water drops of 2.9-3.3 mm diameter were levitated and dried in an airflow stream maintained at air velocities of 7.5-9 m s' 1 and temperature of 53-75°C. They reported that their finding were in accordance with the empirical type heat and mass transfer equations derived from hanging drop experiments. A diagram of their levitator along with the air velocity distribution is presented in Figure 2 . Similar apparatus was designed by Attakora and Mumford (1993) . Their rig combines both aerodynamic levitation and free fall sequences. The evaporation rate and the surface morphology were monitored by using a high-resolution video camera.
Maintaining the stability of the levitated sample in this levitator is relatively difficult. Fluctuations in pressure around the sample can make it fall out of the gas stream. Such fluctuations may be caused by turbulence in gas stream, imperfect sphericity of the sample as it becomes solid and ripples on the surface of a liquid sample (Winborne et al., 1976) . This levitation technique, concerning spray drying, has further limitations to control the ever-changing levitation velocity as evaporation continues. Furthermore, image acquisition of the levitated drop is very difficult because the drop always tends to move outwards and is pushed back by the air which has higher velocity at the circumference.
Though this technique provides a closest similitude of drops moving with air in a spray chamber, the difficulty in measuring the mass change and temperature history and monitoring the morphological changes renders it a lesser choice where investigation of drying behavior of discrete drop in spray drying is involved.
Intrusive Levitation
Levitation of drops by intrusive methods is achieved by suspending them on the tip of a fine filament or a micro-thermocouple and exposing them to various steady state drying conditions (Charlesworth and Marshall, 1960, Audu and Jaffreys, 1975) . Various investigators have undertaken the single drop drying investigations using this mode of levitation technique.
The intrusive levitation technique can be classified into two categories, nonrotating drop and rotating drop. The former, which was first envisaged by Marshall and his co-workers (1952; 1960) , was subsequently used by Trommelen and Crosby (1970) , Miura et al. (1972) , Sano and Keey (1982) , Furuta et al. (1985) , Cheong et al (1986) , Nesic and Vodm'c (1991) with some modifications. The latter type was fabricated and (Miura et al., 1997) used by successive researchers at Aston University (Audu and Jaffreys, 1975; Hassan and Mumford, 1993a) . Except for the experimental setup used by Cheong et al. (1986) which was capable of simultaneously logging the mass and temperature data points, setups used by other authors needed parallel runs. The main features of these two levitation techniques are presented below.
Experimental Setup with Non-Rotating Drop
The drop is suspended at the tip of a thin long glass filament. Provision is made to prevent the drop climbing up the filament because of the surface tension at the same time sufficient wettable area is provided through the knobbed tip so that stable suspension is achieved. Drops are produced with the aid of a micro-syringe. Mass change of the drop is monitored using a tapered glass filament balance, the constricted end of which is welded at right angles to the drop-suspension filament. The larger end of the balance is fixed with a travelling micrometer. When the drop is not (Alexander and King, 1985) suspended, the filament is inclined at 45° with horizontal plane. When the drop is suspended at the tip of the filament, it is deflected at an angular distance with a unique function of drop weight and the amount of deflection is used to measure the weight of the drop (Figure 4 ). Morphological changes are monitored through an on-line video camera.
Temperature measurement is carried out in an identical but a separate run. The thermocouple is inserted to the core of the drop through the suspension filament. The thermocouple is connected to a quick-response potentiometer or a computer through analogue-digital cards. A schematic diagram of this mode of experimental rig is presented in Figure 4 . (Charlesworth and Marshall, 1962; Sano and Keey, 1982; Nesic and Vodnic, 1991) This technique doesn't provide a close similitude of a drop in a spray-drying chamber as the non-intrusive mode of levitation technique does. Further, the filament in which the drop is suspended is sure to introduce some unwanted effects. However, it provides a practical means of monitoring mass change and temperature history of a drop along with its morphological changes. This is one of the reasons why majority of researchers who aim to study the drying behavior of a drop in spray chamber have opted for this technique.
Experimental Setup with Rotating Drop
This mode of experimental setup tries to mimic the motion of a drop within a spray dryer. Drops in spray dryer have motion relative to the drying air and also spin due to the momentum transfer. The slow rotation of drop accomplished in this experiment exposes it uniformly to the drying air and minimizes the unbalanced evaporation at the air impinging side. An experimental setup of this type was designed and fabricated by Audu and Jaffreys (1975) and later improved by Hassan and Mumford (1993a) who replaced the metal nozzle with a glass one to minimize the heat gain through conduction. A schematic diagram of this type of experimental rig is shown in Figure 5 .
The drop suspension system consists of a nozzle with glass plungers (mild steel in Audu and Jeffreys' case) and housing. Both ends of the plungers are unsealed to allow the thermocouple to pass through. The nozzle is suspended from a hook attached to the bottom of a sensitive analytical balance.
The working section is constructed using a brass tube. The drop suspension system is mounted midway along the top of the working section. Two glass windows located at mid point of the working section facilitate visual inspection.
A pulley-motor assembly is used to rotate the nozzle housing ultimately rotating the plunger and the drop. The drop is rotated at 15-20 rpm which doesn't affect its stability and shape. Temperature measurement is made in parallel runs by inserting a thermocouple in the center of the drop through the plunger assembly.
This technique embodies all features of the non-rotating drop type levitation technique described above. Given a trade off between the ideality of similitude and practicality of investigation, this technique appears to be the most suitable one where investigations of drying behavior of single drop are to be carried out.
Free-Flight Technique
This technique allows single or stream of discrete drops to fall under their terminal velocity along with the concurrently introduced drying air. The drops are generated at the top of 2-5 m tall drying chamber using a micro-syringe, pulsed-orifice or electrostatic drop generator. Various sample ports are constructed to collect the sample to determine both the size and moisture content. The temperature and relative humidity at various points along the drying tower are monitored. This type of drying setup was used by Alexander and King (1985) , Flick et al. (1988) and Meerdink and Van't Riet (1995) . A schematic diagram of free flight apparatus (Alexander and King, 1985) is presented in Figure 3 .
While this mode of experimental setup mimics well what happens to a drop during spray drying, there is no way to monitor the mass change and temperature history of the drop directly. Indirect monitoring of temperature history by monitoring the temperature of air doesn't provide the temperature of the drop/particle because once the falling drying rate commences, drying doesn't proceed at wet-bulb temperature. Furthermore, the time of flight is so short that it rarely allows acquiring the drying kinetic parameters and visual monitoring of morphological changes.
MODELS FOR SINGLE DROP DRYING
Attempts have been made in the past to explain the desorption mechanism of drops containing solids and subsequent prediction of mass change, temperature history and skin and/or crust formation based on receding interface model. A brief review is presented in this section. It is to be noted that the data obtained from single drop drying experiments based on intrusive mode of levitation technique were employed in majority of cases to validate these propositions.
The Receding Interface Model
This model considers drying taking place in two stages. In the first stage, a free liquid interface exists between the gas stream and the drop and drying takes place as if it were a pure solvent. Water diffusion from the interior of the drop constantly supplies the quantity that is required for evaporation from the surface. After some time, a crust and/or skin appears at the surface which effectively separates the gas stream and the water at the drop core. After the crust and/or skin formation, evaporation takes place at the solution-crust interface i.e. the evaporation front recedes towards the core. As the crust thickens, the crust resistance becomes prominent and the evaporation rate decreases. In this stage vapor diffuses through the crust and/or skin and that the dropside resistance controls the drying rate. Fundamental assumptions (Sano and Keey, 1982; Cheong et al., 1986; Nesic and Vodnic, 1991) made in this model are:
• Evaporation occurs only at the crust-core interface and that the evaporation front recedes.
• The crust is rigid and neither shrinks nor inflates; no fracture occurs • The core temperature is uniform throughout, and there is no temperature gradient within the drop (small Biot Number, internal circulation) • Heat is transferred from the drying air to the crust solely by convection • Heat is transferred through the crust by conduction • Moisture is transferred by vapor diffusion through the pores, represented by a relative diffusivity, D e fr-• The wet core density remains constant throughout.
• The energy and water vapor storage capacity of the crust is negligible Works by Ranz and Marshall (1952) , Charlesworth and Marshall (1960) , Miura et al. (1972) , Audu and Jeffreys (1975) , Cheong et al (1986) , Nesic and Vodnic (1991) , Sano and Keey (1982) , Wijlhuizen et al. (1979) , Kuts et al.(1996) all give different interpretations of the receding interface model. (1952) initially investigated the drying kinetics of pure solvents such as water, benzene and aniline. They then extended their work to incorporate the drying of inorganic salt solutions and suspensions like whole milk. Their studies on pure solvents led to similar results as reported earlier by Froessling (1938) . At zero Reynolds number, Froessling's equations were:
Ranz and Marshall
where Nu and Sh are dimensionless Nusselt and Sherwood number, respectively. Any finite relative velocity between the drying gas and drop significantly alters the transport coefficients and once again it was found that the empirical relationships (Equations 2 and 3) proposed by Froessling (1938) 
Ki and K2 values for water, benzene and aniline were found « 0.6. The evaporation rate of a pure solvent was determined by simultaneously solving the surface temperature and heat balance equations. For drops containing solute that exhibit a significant vapor pressure depression it was assumed that the drop evaporates as if it were saturated throughout. This assumption was based on the fact that diffusion coefficients of solids in water are so low that they tend to concentrate on the surface much faster due to evaporation than they diffuse towards the center. The evaporation rate of those drops was calculated in two stages, constant rate and falling rate. In the first stage, free water interface existed as if it were a pure solvent and the evaporation rate was calculated exactly as in the case of pure liquid drops. When the falling rate ensued, the evaporation rate was calculated by balancing the heat through the solid crust. Though Ranz and Marshall's work provides significant insight regarding the drying kinetics of drops, it only encompasses the threshold between drop of pure solvents and drops that contains solids. The sensible heat gain by the drop or particle during the drying process was neglected while deriving the Nusselt number (Nu) and Sherwood number (Sh) used in Equations 2 and 3. If the sensible heat gain by the drop and/or particle is significant, Nu and Sh calculated in this way introduce error.
Charlesworth and Marshall's (1960) work was the first to focus on the drying kinetics of drops containing solids. It was noted that the surface concentration of the solute i.e. the crust formation is a function of drying condition, spherical symmetry and internal circulation. Using spherical coordinates, selecting appropriate boundary conditions and adjusting parameters to fit experimental observations they proposed a semi-theoretical equation (4) to predict the time of solid formation and crust completion.
(4)
While drying at sub-boiling temperatures, it was observed that the heat transfer coefficient dropped markedly at the end of the constant rate period indicating an added resistance to heat transfer and subsequent retreat of the evaporation front within the solid crust. This retreat was due to the inability of the particle to provide free liquid interface to the drying air. If the crust was rigid and non-contracting, the liquid could move from the core to the surface only if air was supplied to the core. As internal vaporization was not possible at sub-boiling temperatures, the receding interface opens up the pathways through the crust and the liquid is drawn out to the drop surface. Once the temperature at the core approaches the boiling point, internal vaporization becomes dominant, and it is not necessary for air to be admitted to the core. The internal pressure frequently fractures the crust to release the water vapor outside. Despite much analytical and theoretical work, it appears that equation (4) is still empirical in nature and may or may not be applied to predict the time of solid phase appearance and crust completion.
Cheong et al. (1986) investigated the drying kinetics of sodium sulphate decahydrate solutions at a temperature range of 20-78°C. One important observation in = R=R Figure 6 . Receding interface model, drop with solid crust outside and wet core inside (Cheong et al, 1986; Nesic and Vodnic, 1991) this experiment was that the constant drying rate period was entirely absent and that the evaporation took place solely in falling rate period (Figure 6 ).
Through a series of mass and heat balances and assuming a linear temperature gradient within the crust the authors were able to propose equations to predict the core temperature, mass transfer and crust thickness as a function of time represented by equations (5), (6) and (7) which were solved numerically to obtain the respective results. Necessary boundary conditions are to be imposed and vapor pressure at evaporation front should be expressed as a function of core temperature to solve equations (5), (6) and (7). It was necessary to obtain the gas side heat transfer coefficient applicable to the temperature range of their experiment and it was obtained using equation (8).
If the drying takes place below the solution boiling temperature, the assumption that evaporation takes place at the solid-core interface may not be correct. This can introduce errors in prediction, which can easily be seen from their results that the error in prediction during the latter part of the drying becomes more and more prominent. In reality is evaporation occurs at the solid-gas interface, but the receding interface supplies air to the core of the drop that pushes the moisture to the surface through the interstices of the crust. Nesic and Vodnic (1991) introduced a characteristic five-stage concept developed by Dolinski and Ivanicki, (1984) . The constant drying rate period was subdivided into two characteristic stages, namely initial heating-evaporation and quasiequilibrium evaporation. Likewise, the declining drying rate period was classified into three characteristic stages, crust formation-growth, boiling and porous particle drying. The various assumptions made and the results observed by these authors are similar to those of Charlesworth and Marshall (1960) . The evaporation rate, temperature change and crust thickness are given by: 
R c ShD 2D cr R c -5
Crust thickness: 8 = R r 1-m-m.
1/3
(11)
The first and second terms of the denominator in equation (10) represent the resistance due to the boundary layer and crust to the diffusion of water, respectively. One of the significant aspects of this equation is that if the diffusion through crust, D cr , is significantly smaller than the boundary diffusion coefficient, D, it will offer formidable resistance to the moisture diffusion through the crust. Similarly, the first term in the bracket in equation 9 represents the total heat transferred to the drop and the first and second term in its denominator represent resistance offered by the boundary layer and the crust, respectively. Since k a /kc r is very small, second term in denominator is much less than the first one leading to conclusion that the crust doesn't introduce a significant new resistance to heat transfer. The thickness of the crust (Figure 6 ) at any time could be determined by balancing a solid phase using equation (11). Saturation concentrations i.e. c s = c s , sa t and T= Tboii were taken as stage transition criteria from quasi-equilibrium to the solid phase formation and crust formation to boiling, respectively. Similarly, a sharp rise in particle temperature above the boiling point was taken as stage transition criterion from boiling to porous solid drying.
Nesic and Vodnic used a non-linear mode of diffusion coefficient proposed by Wijlhuizen et al. (1979) to improve their prediction. A good fit was reported in predictions except in the final stage of the drying when the heat gain by conduction through the filament was estimated to exceed 10% of the total heat input to the particle.
Audu and Jeffrey's (1975) work was more focussed on determination of the diffusivities and mass transfer coefficients in relatively high temperature range and the importance of which becomes evident when one works at relatively high temperatures. They have proposed a simplified relation to calculate the effective diffusivity of solid crust as a function of molecular diffusivity and crust porosity (equation 12) and also a modified version of Sherwood Number applicable in the temperature range of 26°C to 119.5°C (equation 13). Sano and Keey's (1982) work is capable of explaining the shrinkage and expansion phenomena which are so common in drops containing solids. It was observed that initial shrinkage (decrease in drop diameter) during the constant rate period is primarily because of the moisture evaporation. After crust formation, the particle enters the falling rate period and consequently its temperature inclines towards drying bulb temperature. As the vapor pressure in the interior of the particle exceeds the pressure of the drying medium, a bubble appears at the core of the particle and expands rapidly which causes the particle to inflate giving rise to a hollow sphere. At a certain stage the crust will be punctured or burst releasing the vapor pressure through the cleft leading to particle shrinkage. If the cleft is cured and there is still a substantial amount of moisture at the core, multiple inflation and shrinkage may take place. This model quantifies single shrinkage-inflation-shrinkage cycle (Figure 7 ). Mathematical model proposed by Wijlhuizen et al (1979) Figure 7 . Drop with dissolved solid under going a cycle of initial shrinkage-inflation-final shrinkage (Sano and Keey, 1982) dT
Equations (17) and (18) are solved simultaneously along with appropriate boundary conditions for heat and moisture transfer both in inflated and deflated state or even before commencement of shrinkage. An investigation was carried out to see whether or not the crust diameter remained constant after inflation. It was found that the prediction of moisture removal per unit surface assuming variation of particle diameter after inflation was better than the prediction where this assumption was not made which meant that the particle deflated after inflation, and the crust diameter didn't remain constant. Sano and Keey's model better explains the behavior exhibited by drops containing solids even though it only considers single inflation and shrinkage while in reality multiple inflation and shrinkage take place. Kuts et al. (1996) proposed drying kinetics based on Luikov's (1968) theory that quantifies the drying kinetics of thermolabile products avoiding the use of diffusion coefficients. Heat sensitive biomass of Bacillus thuringensis was dried at a temperature range of 80-120oC. A similar method was adopted by Mclntosh (1976) while investigating the drying of brown coals.
Various interpretations of the receding interface model presented above arise because of the inherent difficulty in modeling of drying behavior of drops containing dissolved solids and suspensions. The formation of solid crust skin not only offers a formidable resistance to moisture diffusion, it introduces phenomena like shrinkage, inflation, and balooning, which makes the generalization of the process very difficult. Furthermore, the highly non-linear relationship between physical factors involved, complicated mechanisms of exchange process and limited number of degrees of freedom to choose makes the modeling process very difficult if not impossible to solve to a high degree of accuracy (Kerkhof, 1994 ).
It appears that there is a paucity of literature that deals with the drying behavior of drop containing low molecular weight sugars like fructose, glucose, and sucrose. Sugar-rich foods are not easy clients for spray drying because of their inherent stickiness. It is not probable that the predictive expressions based on non-sticky materials will be applicable to sugar-rich foods. However, single drop drying experiments can be useful tools to investigate the desorption mechanisms of the drops containing sugar-rich foods.
Determination of Drying Kinetic Parameters
For prediction of drying rate and surface temperature of a drying drop appropriate kinetic parameters such as moisture diffusivity, thermal conductivity and specific heat capacity of the drop and drying medium are essential. The gas side kinetic parameters dominate the drying kinetics during the constant rate drying and in this period the existing correlations can be used with confidence. Once the falling rate commences the drop-side kinetic parameters become dominant. Since the drop side resistance depends on the nature and concentration of solid, incessant change of the latter with time makes the generalization of the kinetic parameters daunting.
Determination of moisture diffusivity is better accomplished by using the desorption isotherm and lumping the effect of moisture and temperature profile as an effective diffusivity, D e ff (Marinos- Kouris and Maroulis, 1995) . Once the experimental desorption curve is obtained, moisture diffusivity can be determined based on the Fick's second law considering an Arrhenius-type temperature dependence. The moisture dependence of diffusivity can be introduced to activation energy and Arrhenius factor through regression analysis (Marinos-Kouris and Maroulis, 1995; Zogzas and Maroulis, 1996; Raghavan et al., 1995) . Alternatively, the characteristic function of regular regime (CFRR) analysis successively adopted by Schoeber and Thijssen (1977) , Liou and Bruin (1982) and Okazaki et al. (1995) can be applied for the same purpose using a desorption isotherm.
Thermal conductivity applied in dying kinetics is essentially the effective thermal conductivity of a heterogeneous system that can be determined using Fourier's law with appropriate lumping. Experimental techniques for determination of thermal conductivity are well treated by Molnar (1995) and summarized by Marinos-Kouris and Maroulis (1995) . Determination of specific heat capacity applicable to spray drying is best given by method proposed by Furuta (1992) . The specific heat capacity of a drying drop at a particular time is correlated to instantaneous drop diameter and easily obtainable parameters including the initial concentration of water and the solids (equation 19).
Drying kinetic parameters discussed above are essential to develop predictive drying models. And, these kinetic parameters can be determined using the techniques outlined above after drying experiments are carried out. Here again single drop drying experiments especially the ones based on intrusive mode of levitation techniques come handy because they not only, up to some extent, resemble the spray drying environment but also are suitable for collection of mass change, drying history and morphological parameters such as: size, shape and crust and/or skin formation.
IMPLICATION OF SINGLE DROP DRYING STUDIES ON SUGAR-RICH FOODS.
Sugar-rich foods such as fruit and vegetable juices, honey and high DE carbohydrates that have low molecular weight sugar components exhibit stickiness during spray drying. These products are very difficult to dry because during the drying process they either remain as lumpy syrup or stick to the dryer wall. This not only leads to quality deterioration and lower product yields but also causes operational problems and fire hazards (Bhandari et al., 1997a; Papadakis and Bahu, 1992) . The inherent difficulty in drying of sugar-rich foods is associated with the physical characteristics of low molecular weight sugars, especially fructose, glucose and sucrose (Bhandari et al., 1993) . The rapid removal of moisture during spray drying allows less time for these sugars to take a crystalline form (Senoussi et al., 1995) . This amorphous form of sugars is metastable (Alexander and King, 1985) and is highly hygroscopic (Audu et al. 1978) .
In spray drying atomized drops are dispersed individually in the dryer chamber surrounded by air continuum that prevents them from sticking. But, at the dryer-bottom and at the collection and conveying duct they come in contact with each other, and at this point, presence of low molecular weight sugars cause stickiness. The outlet air temperature in spray drier for heat sensitive material is around 60°C and even at this temperature the solubility and hygroscopicity of sugars especially fructose and glucose is high enough to render them a plastic mass that leads to stickiness (Bhandari et al., 1997a) .
Recently, the glass transition temperature (T g ) has emerged as a reliable indicator of the sticky behavior of sugar-rich foods (Slade et al., 1993; 1991b) . Below the glass transition temperature (T g ), sugars remain in an amorphous phase at which the molecular mobility remains frozen due to very high viscosity of the order of 10 I2 -10 14 Pa.s (White and Cakebread, 1966; Downton et al., 1982) and above Tg, they change to rubbery or crystalline phase. The reduction of the viscosity to 10 7 -10 8 Pa.s (Downton et al., 1982) above T g effectively unfreezes the molecular mobility rendering the sugars-rich system sticky. The function of glass transition temperature to stickiness and drying problem is dealt in detail elsewhere (Truong et al, 1999) .
Effect of Drop Morphology on Stickiness
Single drop experiments have been instrumental not only for studying drying kinetics but also for monitoring morphological changes during drying. Since monitoring of morphological changes of a drop in a spray drier is not possible, for that reason one can rely on this technique as it offers very close similitude of a drop that is being spray dried. In the past researchers have employed levitation and free flight techniques for studying morphological changes during spray drying (Charlesworth and Marshall, 1960; Walton and Mumford, 1999a,b; Hassan and Mumford, 1996; Alexander and King, 1985) .
Drops containing solids exhibit different features depending on the nature of solid constituents and drying conditions. Based on these two, rigid crust, flexible but impervious skin, wrinkling, dimpling, shrinkage, inflation, ballooning, blown-up holes etc. may take place. The biological products form skin, shrivel, appear like pliable sack, wrinkle, elongate, wither, inflate, shrink depending on the temperature of drying medium and time of exposure. Multiple inflation and deflation may also take place (Charlesworth and Marshall, 1960; Hassan and Mumford, 1996) . It is to be noted that the inflation/deflation behavior of skin depends on its physico-chemical nature i.e. whether it is polymeric (amorphous) or microcrystalline (Walton and Mumford, 1999b) When the temperature of a drop attains or exceeds its boiling point internal pressure due to internal vaporization builds up that frequently fractures the crust to release the excess pressure and the water vapor outside. In this case, the nature of the crust, whether it is rigid or flexible, porous or non-porous, permeable or non-permeable determines whether the particle remains intact, ruptures, inflates or shrinks (Charlesworth and Marshall, 1960; Nesic and Vodnic, 1991) . Hassan and Mumford (1996) have presented a comprehensive study of the behavior of skin forming biological products. They have classified these biological materials into three types based on the skins formed. The first type, typified by suspensions of custard or starch formed skin due to gelatinization at high drying temperature but only a porous crust at low drying temperature. The second type of skin forming material typified by a solution of gelatin formed a partly dried sheath around the swollen granules at low temperatures (< 30°C) which behaved like a skin. When temperature was raised above 30° C., a smoother dry crust was formed. In the third type of material, typified by skim milk or fructose, skin formation was followed by a crust underneath. At higher temperature the skin became more and more smoother and puffing, ballooning, multiple inflation and deflation was observed. And, it can be assumed that the smoothness is in a way or other is related to low surface viscosity. The nature of solids and the temperature of drying medium results in a typical temperature history for a material which in turn manifests itself in a typical surface morphology. When the drying of sugar rich foods is concerned the temperature history and glass transition temperature manifest themselves in stickiness which may possibly be monitored through morphological changes like skin formation. However, no studies appear to be under taken to correlate the stickiness associated with sugar-rich foods even on a qualitative basis.
Effect of Skin Formation in Stickiness
There is no conformity in the nature and time of skin formation among skin forming materials because skin formation depends on the nature of the material and drying conditions (Hassan and Mumford, 1996) . During rapid drying of biopolymers, moisture content at the surface drops to a low value so that the surface which was initially rubbery, undergoes a rapid transition to a glassy phase. This skin/crust of glassy matrix has moisture diffusivity much lower than that of the rubbery phase. Furthermore, the surface of the food biopolymers already gets transformed to a glassy phase during the constant rate period (Achanta and Okos, 1996; Edwards, 1999) . Hence, it can be inferred that the formation of skin should lead to minimized stickiness during spray drying.
On the other hand, skin formation tends to seal off the paths for vapor diffusion from the interior to the surface and results in lower rates of moisture removal and much longer residence times. It was found that formation of skin and crust in a skim milk and fructose brought the drying rate into halt even if >25% of the initial moisture content was still retained in the core . Furthermore, a decreased rate of evaporation diverts more and more heat to elevate the drop/particle temperature. Skin formation carries these two seed causes that are capable of lowering glass transition temperature which may render a particle sticky.
Hence, skin formation seems to carry mutually opposed physical parameters i.e. those tending to lower the glass transition temperature and vice versa. In this condition, manifestation of stickiness depends on the dominance of those parameters that cause stickiness over those which minimize it.
Effect of Temperature History in Stickiness
The temperature of a drying drop remains constant at the wet bulb temperature so long the free water interface exists between the hot air and the drop. Soon after the evaporation front recedes within the particle surface, the temperature of the particle inclines towards the outlet temperature of the air. During this phase, if the temperature of the particle surface (T p ) exceeds the glass transition temperature (T g ) at the prevailing moisture content, then the particle becomes sticky. These particles stick to the chamber wall or with other particles resulting in a wall deposition or undesired lumping. The particle temperature is thus very crucial to the drying of the sugar-rich foods. If T p >Tg, the product will be sticky, and if T p <T g , then free flowing powder will be produced. There is strong dependence of glass transition temperature on particle temperature, i.e. the temperature history of a drying drop.
Effect of Drying Rate and Time of Contact in Stickiness
The temperature difference between the particle and drying air principally governs moisture removal rate of a drying drop. When the temperature difference between the particle and the drying air is appreciably high i.e. the driving force is high, drying continues to take place at higher rates and the surface temperature doesn't rise appreciably. On the other hand, the drying rate decreases when the particle temperature (T p ) increases i.e. the driving force (AT= T a -T p ) declines. Rise of drop temperature during drying not only lowers the rate of moisture removal but also causes stickiness if it rises above T g . Hence, the study of drying history (particle temperature, and moisture content) of a drying drop with reference to the glass transition temperature can assist the drying of sugar rich foods.
If the drying rate is slow then the resultant solid matrix may be of a relaxed form having higher glass transition temperature. Besides, low drying rate results in more porous skin (Hassan and Mumford, 1996) that facilitates the removal of water without raising the particle temperature ultimately resulting in a solid of higher glass transition temperature. If the drying rate is rapid there is a possibility of formation of a less porous skin, which will tend to lower the glass transition temperature of the system.
There are two situations where stickiness is important. First, T p -T g is high and time of contact is short in cases like particle-particle contact during flight and particlewall contact. Here the inherent properties of particle and factors like moisture content, temperature all contribute to stickiness. Second, in long time contact in cases like particle-particle contact and particle-wall contact in storage and conveying. Here it can be assumed that external factors like temperature and humidity become dominant factors determining the extent of stickiness. In all cases particle surface viscosity is the factor that plays an important role in determining stickiness.
Effect of Skin Formation in Aroma Retention
Thijssen's selective diffusivity theory (Rulken and Thijssen, 1969) explains that retention of natural aroma components is possible in spray drying applications. But the nature and concentration of solid matrix used has an important role to play. It was fond that some skin forming solids like gum arabic and gelatin have the highest capability of volatile retention (Hassan and Mumford, 1996) whereas the crystalline salts like sodium chloride are capable of retaining no more volatiles than water (Walton and Mumford, 1999b) .
Since the impedance to volatile loss increases sharply after the formation of skin it can be inferred that sooner the formation of skin the better the flavor retention. Provided that the rupture and cleavage are absent or get healed immediately, higher solute concentration and severe drying temperature favor the early skin formation and the retention of volatiles is enhanced. Walton and Mumford (1999b) found that the retention of ethanol in a semi-instant skim milk matrix was 40% and 70% at 15% and 25% solids concentrations, respectively after drying for 100 seconds. Furthermore, no flavor was retained when 1% solids concentration was used under similar drying conditions. An optimum solids concentration and temperature set can be found for maximum retention of any volatiles of interest. Hence manipulation of drying conditions to accelerate the skin formation or addition of skin forming materials or both may be used to maximize the retention of aroma components. Senoussi et al. (1995) encapsulated diacetyl in lactose using spray drying and found that the retention of diacetyl was a strong function of amorphous matrix and explained that diacetyl was probably retained through a mechanism of occlusion in an amorphous matrix. They further noted that higher the storage temperature above glass transition, i.e. higher the AT = T s t O rage-T g , higher was the loss. Storage of flavor encapsulated products below T g enhances the storage life. Phase" transitions play a vital role in flavor encapsulation processes by forming a stable glassy matrix that entraps and provides a unique stability to the flavor ingredients. Amorphous carriers at glassy state have very low diffusion rates rendering the matrix structure virtually impermeable to flavor compounds (Roos, 1992; Roos and Karel, 1991b; Whorton, 1995) .
Effect of Glass Transition on Flavor Encapsulation
Due to the frozen mobility of matrix molecules release of flavor compounds from amorphous powders is primarily through Fickien diffusion which is a strong function of water concentration. Activity of water below glass transition temperature is almost frozen thereby effectively hindering the diffusion of flavor components through the amorphous matrix (Vrentas, 1978; Whorton, 1995) . Once temperature and moisture set of the glassy matrix gives way to the rubbery one, at transition, the particles begin to clump and adhere together. At this point, the surface wall of the matrix is stressed and cracks may appear which allows the rapid release of flavoring materials resulting in an accelerated flavor loss. As the moisture uptake continues interstices or pores in the particle wall are filled and the powder collapses completely. So called re-encapsulation of the remaining volatiles takes place once again effectively lowering the release of the volatiles to the characteristic low level that of the glassy state (Whorton and Reineccius, 1995) .
CONCLUSIONS
Single drop drying experiments are important tools to investigate the spray drying process because they are suitable for gathering kinetic parameters such as moisture diffusivity, thermal conductivity and specific heat capacity of a drying drop and for monitoring the morphological changes in an environment that closely resembles spray drying. Though various modes of levitation and free flight techniques are employed to carry out the single drop drying, experiments based on intrusive mode of levitation technique appear to be more suitable. Since spray drying of sugar-rich foods is a major challenge to industries and researchers because of their inherent sticky behavior, single drop drying experiments can be a very useful tool that can be used to collect scarce kinetic and morphological parameters. These parameters can subsequently be used for development of predictive models, processes and dryer designs. 
NOTATIONS

